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Measuring extracellular ion flux with the
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Measuring intracellular ion activity with the
double-barreled ISME
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1.Liquid ion exchanger 2.Filling electrolyte solution of the ISME 3.Filling
electrolyte solution of the accompanying electrode
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Note: S)and S, are the two measuring points for the double-barreled ISME to
measure the extracellular ion flux; 7}, and V), are the voltage values measured
by the ISME at S and S,, respectively, mV; V>, and V5, were the voltage values
measured by the accompanying electrode at the two measuring points, mV; V3
and V4 are the voltage values measured by the ISME and the accompanying

electrode respectively when the intracellular ion activity was measured by
double-barreled ISME, mV.
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Fig.1 Schematic diagram of working principle of double-barreled
Ion-Selective Microelectrode (ISME)
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a. Preparation process of traditional double-barreled microelectrode
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b. Preparation process of improved double-barreled microelectrode
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Fig.2 Preparation process of traditional double-barreled
microelectrode and improved double-barreled microelectrode
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Fig.3 Silanization treatment of double-barreled microelectrodes
by steam silane method
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Table 1 Commercial Liquid Ion Exchanger (LIX) and the
corresponding filling electrolyte solutions
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Hydrogen ion (H") 95291, Pi#%¥JBR/RMEH A, 3£[E) 40 mmol/L KH,PO,
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Calcium ion (Ca®") 99310, ViM% B/RMHZF, M)
BT D A TR T—REWA (]S
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200 mmol/L KCI
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Fig.4 Double-barreled ion-selective microelectrode prepared
based on improved filling method
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Fig.5 Response time test of double-barreled Ion-Selective
Microelectrode (ISME)
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Table 2  Silanization gradient test of the double-barreled
Ton-Selective Microelectrodes (ISME)

WERTHGT  FE E i TS B T AR R v

Liquid ion Dosage/ Times/ Temperature/  Remaining amount of
exchanger ML min T liquid ion exchanger/um
35 60 150 0
35 90 150 0
AETEREI—R 40 60 150 0
v A 40 90 150 23+4.7
gﬁig;lgoerg 45 60 150 608.2
I—cocktail A 45 90 150 100+0
50 60 150 67+4.7
50 90 150 100+0
35 60 150 62+6.9
35 90 150 77+4.7
FEB T TR 40 60 150 95+7.6
aW A 40 90 150 1000
Calcium ionophore 45 60 150 97+4.7
I—cocktail A 45 90 150 10040
50 60 150 100+0
50 90 150 —
35 60 150 0
35 90 150 0
HETHA TR 40 60 150 243.7
&M B 40 90 150 40+5.8
fo‘ﬁzﬁg‘; 45 60 150 786.9
Icocktail B 45 90 150 100+0
50 60 150 80+5.8
50 90 150 —
35 60 150 38+6.9
35 90 150 23494
BTk R 40 60 150 48+9.0
“ A 40 90 150 78+6.9
Chloride ionophore 45 60 150 83+4.7
T—cocktail A 45 90 150 90+8.2
50 60 150 87+4.7
50 90 150 92+6.9

T BHRRIIREARCN 6, WA E TR A BT AR A K P E:
brdEzEs  “—7 R TZWREAME T, B BRI LIX B BOL S,
KRBT dREb” SEUR, SRR .

Note: The number of samples in each group was 6. The remaining amount of the
liquid ion exchanger was means + standard deviation of each set of samples.
“—" means the segmentation phenomenon of LIX at some electrode tips under
this test condition, which was caused by “hyper-silanization”, and the electrodes
were not available at this time.

4.2 HEETHFRIE

AT K. Ca*'s H. CIXUE ISME HIfg
Wrre Rt AT, HeERWR 3 for. - TFERERAE
A 250 BRI A5 T FR AR B ke AL P AR e, RS

HEAEER 25 C R T . BT — s TR RE TR
R I LRME N 59.16 mV/dec, MBS T4axHE Ny
29.28 mV/dec. 45 REBTRERL A IA 28 A8 AR AR 1)
90% I, — 4 B 1 S B BT 4 AL R 0 4 X E A N T
53.24 mV/dec, MBS FLASHEA/NF 26.35 mV/dec. H
& 3 T %n, R SR HIE XU ISME 16 SEBR e s
R ET LABIAFSAA A 90% LA b, AT LAY A4 i
HNE T IUEFI M P B TR R R, £ 3 PET
I 4R A AR ) S B R R R AR TR E I IR, 2
T B IR B R A AR AR AT ek, 2
HARO e B 7 R B, B R S T
A A AR ISME A E], X088 Il O TS
Biltn, KEFvE R Na™th A7 — e rk b, Rz
HRROT K B T . IR AR B A S B RE A AR R
IR RIEHIRZE, 0= PR R i s s R A A e e
WS bRAe R AL R . T AEEZ R, MR
PR RAS DL EGREU SR H R, ST SR ks
RIERMLFHET S, —MEF (5525 mV/dec) , MM
T (26 £3 mV/dec) #A& A HE5Z M.

x®3 NEBTFEEMMERBEETFREMNAER
Table 3 Nernst slope test results of the double-barreled
Ion-Selective Microelectrodes (ISME)

SRR B RE AT
TVt FES
Voltage/ Measured  Theoretical Conversion
mV  Nernst slope/ Nernst slope  rate/%

(mV-dec) /(mV-dec)

hidinract

Calibration set

BT (H) pHE55 -93.86

Hydrogen ion 54.08 91.4
Y (ﬁ%) pHIE 7.5 2248 59.16
war k> Uk 5670
Potassium ion T 56.51 59.16 95.5
K+ mmo
(X% Kl 96.20
N 0.5 mmol/L
EETCE) eacy 8135
Calcium ion # 27.08 29.28 925
Ca + mmo
€ cac, 79
. 1 IIL
HBTED o 20319
Chloride ion T -58.80 -59.16 99.4
Cl mmo
(CI) kel 162.09
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V) ) o ol 2 K, PR P B SR R AT 3 S R, X 94
Db 2 5 B LY Bl B AR AL B B A A S e . A
b, T AR A LA R) R S AR R B AR . IR 4 R
BoR, Ca® BE B e AR IR T H BT B K e i S B ) Dy
0.42 s, KUk EL AR AE DI 145 B I TR) 200 T 0.42 so H
AT SCHRFP A A SIET SRR oh 55 7 I is S, ISME
FRIEHE SRR A 0.5 HZPO2, 6 37 1 B M ()43 5 4% 50 J&
WA 2 s, BRI B AR IRAE 2 AN 2 R RS s KR 1 s,
1E 2 ANl S A %8 0.5 s (KT 0.428) , i
AHIE F IR XU 8 718 43 Mk e A X o 7 s ] ) TSR . A
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Table 4 Response time test results of double-barreled
Ton-Selective Microelectrodes (ISME)

N S 1 KR ]
AR Response time/s Longest
Solution response
1 2 3 4 5 6 7 8  tmess
L5 B
%‘?T pH 1 5.5 0.27 033 0.31 0.29 0.38 0.25 0.26 0.33  0.38
Hydrogen
ion (i) PH {6.86 0.34 032027 038 033039035031 039
By 1mmolL 57 038 0.34 0.42 0.34 0.40 039 035 0.42
(ca™ _ Kd

Calcium 10 mmol/L

jon (Ca®") KCl 0.37 0.35 0.32 0.39 0.39 0.32 0.38 0.40 0.40

iy tmmolL 05 023 021 020 021 0.23 021 025 0.25
K)  CaCl
Potassium 10 mmol/L
on (K) | Car 021024027028 0.23 027028 024 028
A TmmoliL 59 57025021 020 029 031 024 031
(n CaCl,
Chloride 10 mmol/L
on (CI) gy 027024023022 025032031033 0.33

e 1~8 JyRIQ UL, WA SAT 1) g A B A e 2 VT 263 38 A EL AT 58 T
I T ) 95%.

Note: 1-8 represent the number of tests. Responded time was 95% of the time
from the start of the electrode contact with the solution to the stabilization of the
contact potential.
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AHFFCTEANA 28 T KU PR 1) R AT 2 it E 7 K
BET AN HARREE,  IErf s XU R SRR b
FRIRFE . —FE SRS AR Be AL 1) 2375 A 150 °C.
45 uL F1 90 min. HlHFINEAE T HE T SE T &
BB PR B TR RIS B T 54.08. 56.51. 27.08
F1-58.80 mV/dec, W LA L BTk AT FH 2R 4 F
XUE ISME FIm R a1 0.20~0.42 s 2 [a], FHLA K
PR T S TR AR RS IE (0.5 Hz) o KX
BB TR AR & LB N, BRI TR
IR AR ARTE RO TR fEVIE . AT DL
A R S 5 S T AU 2 R
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Preparation of double-barreled ion-selective microelectrodes

Li Jinhai', Xue Lin?, Zhou Qiao’, Huang Lan?, Wang Zhongyi'*
(1. College of Information and Electrical Engineering, China Agricultural University, Beijing 100083, China; 2. Smart City College, Beijing
Union University, Beijing 100101, China)

Abstract: Ion-Selective Microelectrode (ISME) technology has widely been used to evaluate the plant electrical activity in
mesoscopic space-time scale, including dynamic measurements on extracellular ion fluxes and intracellular ion activities. But
the interference of electromigration or membrane potential changes has posed a great challenge on the traditional
single-barreled ISME during the electrophysiological experiments, particularly on the accuracy of measured data. In this study,
a double-barreled ISME monitoring scheme was proposed to eliminate the influence of potential drift on the measurement for
more accurate information of ion flux. A simple and rapid preparation process of double-barreled ISMEs fabrication was also
developed to widen the application of ion-selective electrode technology. Septum Theta (a borosilicate glass capillary with two
cavities) was used to fabricate the improved double-barreled microelectrode during preparation, particularly on the silanization
and liquid ion exchanger filling in the microelectrode tip of double-barreled ISME. The experimental measurements were
conducted for the Nernst slope and response time of double-barreled ISMEs. A standardized feasibility plan was provided for
the preparation and performance testing of double-barreled ISMEs. Experimental results showed that the optimal silanization
temperature, dimethyldichlorosilane dosage, and silanization time were 150 C, 454L, and 90 min, respectively, when the
double-barreled microelectrodes were silanized by the steam silane. In this case, the double-barreled ISME that filled 100 xm
liquid ion exchanger in the tip was reciprocated in the test solution at a frequency of 0.5Hz for 30min, where the remaining
amount of liquid ion exchanger was observed under the microscope. The remaining amount of liquid ion exchanger was
(100£0) um in the double-barreled potassium ion, calcium ion, and hydrogen ISMEs’ tip. In double-barreled chlorine ISMEs,
the remaining amount of liquid ion exchanger in the tip was (90£8.2) um. The Nernst slopes of double-barreled hydrogen ion,
potassium ion, calcium ion, and chlorine ISMEs were 54.08, 56.51, 27.08, and -58.80 mV/dec, respectively. The measured
Nernst slope of ISMEs was more than 90% of the theoretical value suitable for the requirements of the application. The
response time of ion-selective electrodes with different liquid ion exchangers was between 0.2 and 0.42 s. Therefore, 0.5 Hz
was a reasonable vibration frequency for the measurement of extracellular ion fluxes with the double-barreled ISMEs. The
experimental results demonstrated that the double-barreled ISME developed by the improved preparation can well meet the
requirements of ISME technology, thereby effectively capturing the extracellular ion fluxes or intracellular ion activities of
plant cells. Consequently, the facile preparation of double-barreled ISME can be expected to greatly reduce the experimental
difficulty of ISME fabrication. The finding can also provide a great contribution to acquire experimental data of plant
physiological detection and applications in agricultural engineering, crop breeding, physiological stress tolerance, and cellular
nutrition.

Keywords: microelectrodes; test; double-barreled ion-selective microelectrodes; silanization; preparation method
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